ABSTRACT
INTRODUCTION
The development of methods for the analysis of circulating cell-free DNA (cfDNA) has dramatically changed prenatal screening for fetal trisomy and opened up new possibilities for other types of non-invasive genetic testing. cfDNA originates predominantly from hematopoietic cell lines 1 ; however, during pregnancy, a minor proportion derives from the conceptus 2, 3 . The proportion of pregnancy-derived cfDNA in maternal plasma, commonly termed fetal fraction, averages 10%, but is subject to significant variation 4, 5 . For any kind of fetal cfDNA-based testing, it is reasonable to assume that a minimum amount of fetal cfDNA must be present. This is supported by theoretical models demonstrating that the ability to distinguish between fetal trisomy and disomy suffers with decreasing fetal fraction 6, 7 . As a result, measurement of fetal fraction is now recognized widely as an essential quality metric [8] [9] [10] . Many laboratories measure fetal fraction, but different methodologies have necessitated different approaches. Quantitation of Y-chromosome sequences was the first method employed because this DNA can be taken as a direct representation of fetal cfDNA, but is informative only in pregnancies with a male fetus 4, 11 . Analysis of single-nucleotide polymorphisms (SNPs) is more powerful because it can be applied regardless of fetal sex 12 . It is well suited to methodologies that target specific sequences but is difficult to apply to massively parallel shotgun sequencing approaches, as these tend to have a very shallow depth at any given polymorphic locus. Massively parallel shotgun sequencing-based methodologies have therefore relied on less direct assessment based on observed differences between fetal and maternal cfDNA fragments [13] [14] [15] . There is, however, concern about the consistency of the different approaches 16 .
We have previously described the application of Digital ANalysis of Selected Regions (DANSR) to fetal trisomy screening 17, 18 . This includes non-polymorphic assays for the determination of chromosome proportions and polymorphic assays leveraging SNPs for fetal-fraction determination in a single reaction 12 . The current study aimed to evaluate rigorously this method for fetal-fraction estimation using a number of parameters. First, accuracy was assessed by comparing DANSR assays with quantitation of Y-chromosome sequences. Second, reproducibility was determined in a series of paired tubes drawn from the same patient. Finally, we evaluated whether this method is equally informative across populations.
METHODS

Dataset
The data analyzed in this study were sourced from existing information generated as part of clinical testing of venous blood samples submitted for the Harmony ® prenatal test to the College of American Pathologists-accredited and Clinical Laboratory Improvement Amendments-certified Ariosa Diagnostics laboratory in San Jose, CA, USA. Patients provided consent for the performed testing and samples were processed in accordance with all applicable laws. All data were anonymized prior to analysis. Analysis was limited to samples from singleton pregnancies of at least 10 weeks' gestation, as reported by ordering providers on the sample submission form. Samples with insufficient fetal fraction for analysis (less than 4%, as measured using DANSR assays) and samples that did not meet laboratory quality-control thresholds were excluded. Samples were included irrespective of the probability score generated for fetal aneuploidy.
Sample collection and test method
Sample preparation and analysis for the Harmony prenatal test were performed as described previously 12, 18 . In brief, blood samples were collected in either cfDNA BCT tubes (Streck, Omaha, NE, USA) or cfD tubes (Roche, Pleasanton, CA, USA) and processed to yield cell-free plasma within 7 days of collection. cfDNA was purified from this plasma and DANSR products were made using non-polymorphic assays of chromosomes 13, 18, 21, X and Y and polymorphic assays of chromosomes 1-12. DANSR products were hybridized and signals measured using a custom microarray.
Fetal-fraction measurement
Fetal-fraction measurement was performed, as described previously, using 576 DANSR assays designed against polymorphic loci on chromosomes 1-12 ( Figure 1) 12,18 . The assays are unbiased, cover each chromosome uniformly and target SNPs with high minor-allele frequencies in the HapMap dataset 19 to maximize the number of informative loci for fetal-fraction measurement.
Relative allele frequencies were used to compute fetal fraction with the minor percentage of the fraction assumed to be fetal. No prior genotyping of the mother, father or fetus was carried out.
The relative signal intensities of DANSR assays corresponding to non-polymorphic loci were evaluated to estimate the relative amount of each of the interrogated chromosomes. The relative signal intensities for the Y chromosome were taken as a direct representation of fetal fraction in pregnancies with a putative male fetus.
DANSR single-nucleotide polymorphism assays vs Y-chromosome quantitation
Fetal fraction was determined by both methods in a consecutive series of 47 512 plasma samples from singleton pregnancies with a putative male fetus. Pearson's correlation coefficient (r) was calculated to determine the correlation between methods of fetal-fraction measurement.
Fetal-fraction reproducibility
DANSR SNP assays were used to measure fetal fractionEnter your text in two tubes from 734 randomly chosen, de-identified, frozen plasma samples. Patients provided consent to have their sample de-identified and used for additional study. Over a period spanning 3 months, the first and second tubes were processed separately from one another but together with other clinical samples. Second-tube fetal-fraction information was compared with anonymized first-tube data. Pearson's correlation (r) and the median absolute deviation from the mean were calculated.
Calculation of fraction of informative loci
DANSR assays are designed to be equally informative across global populations. Figure 1 shows mean minor-allele frequencies and the predicted fraction of informative loci for different populations based on data from the 1000 Genomes Project 20 . To assess experimentally whether DANSR assays are informative for different populations, the number of informative loci was determined in 13 988 clinical samples consisting of the reproducibility dataset and other samples analyzed in the same time frame. The fraction of informative loci is calculated as the proportion of determined maternal homozygous loci that are determined to be heterozygous in the fetus.
RESULTS
The correlation between fetal fractions measured using DANSR SNP assays and relative Y-chromosome quantitation for 47 512 samples in which Y-chromosome sequences were present is shown in Figure 2 . There was a strong correlation between the two methods (r = 0.97). 13 988 clinical samples, the median number of observed fractions of informative loci associated with homozygous maternal genotype was 0.42 (SD, 0.041) (Figure 4) , which is consistent with a mean worldwide minor-allele frequency of 38%.
DISCUSSION
Despite the increasing recognition of fetal fraction as an important quality metric in cfDNA testing for fetal trisomy, there has been little focus on the variety of methods employed and the need to ensure their reliability. Underestimating fetal fraction may cause valid samples to be rejected unnecessarily. Overestimating fetal fraction may lead to samples with insufficient fetal cfDNA being tested and a risk of false-negative results 6, 7 . This may not be easily discernible in clinical studies designed solely to evaluate test performance characteristics, such as sensitivity and specificity, due to the number of affected pregnancies studied at lower fetal fractions, but can be addressed by direct investigation.
Fetal-fraction measurement using relative competitive quantitation at polymorphic loci with microarray allows for a single laboratory workflow to perform simultaneously fetal-fraction measurement and sequence quantitation for trisomy assessment in the same assay under the same conditions. The current study represents a large-scale assessment of polymorphic assays, as used to measure fetal fraction as part of the Harmony prenatal test. The accuracy of fetal-fraction measurement was demonstrated by comparison with measuring Y-sequence signal intensities in a cohort of over 47 000 clinical samples. The fetal-fraction calculations are also consistent with little variation between paired samples of two tubes drawn from the same patient at the same time. The correlation of fetal-fraction measurement between the two tubes was high, with an average deviation of ±0.26%. In practical terms, fetal-fraction measurements in samples with a theoretical absolute fetal fraction of 7% would be expected to vary on average by between only 6.74% and 7.26%. Finally, the SNPs chosen are informative across global populations, an important requirement given the rapid uptake of cfDNA screening worldwide.
Until now, most published studies addressing fetal-fraction estimation have been limited to proof-of-concept studies [13] [14] [15] 21, 22 . Many of these have centered on the generation of models to correlate fetal fraction with the observed differences between maternal and fetal cfDNA, such as differential methylation at specific regions 13 , distribution of cfDNA fragment size 14 , patterns of DNA sequence representation 15 , nucleosome positioning 21 and preferred sequence end sites 22 . The differences are likely to be the consequence of differences in chromatin structure and transcriptional processes in maternal leukocytes compared with placental trophoblasts; however, the underlying biology is yet to be elucidated fully 22 . Although some are being used clinically 15 , these models are complex, with tens of thousands of historical parameters to scale the sequencing count from each chromosome bin and there is considerable overlap between maternal and fetal cfDNA in the studied attributes. Furthermore, the stability of these differences may be a potential concern for use in fetal-fraction estimation. The possible influence of factors, such as gestational age and maternal elements, has not to our knowledge been evaluated comprehensively in larger series. In one recently published study, van Beek et al. 23 directly compared six methods in a series of 375 pregnancies with a male fetus and found that methods based on binned autosomal read counts 15 and nucleosome positioning 21 did not perform reliably as compared with Y-based methods 23 . A challenge for the evaluation of any assay that estimates fetal fraction is the establishment of a reference against which to compare the calculated proportions. Quantitation via Y-chromosome sequences is therefore considered to be a gold standard with the least potential for confounding factors and was applied in the current study to a large cohort of real pregnancy samples with male fetuses that were the same processed samples and data sources as those used for the assessment of trisomy. This study was also constrained by the use of a clinical laboratory platform that limits the reporting of fetal fraction to samples meeting a minimum requirement of 4% fetal fraction. We were not able to determine the lowest reasonable threshold for fetal-fraction measurement.
Just as different methods for trisomy screening are well validated before clinical implementation, so should be assay designs for fetal-fraction measurement. This study provides a useful benchmark for ensuring reliability. Evaluation would include demonstration of both accuracy and reproducibility. Moreover, ensuring that the used method performs well across all pregnancies is warranted.
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